INTRODUCTION
Itch and pain are unpleasant somatosensations (McMahon and Koltzenburg 1992 ) that elicit distinct defensive behavior. Immediate pain elicits a reflex withdrawal while itch specifically provokes scratching. The obvious purpose of scratching is to remove harmful agents from the skin, thus the protective behavior has survived in evolution. Hundreds of years have passed since Hafenreffer (Hafenreffer 1660) made the first documented medical definition of itch as "an unpleasant sensation with the urge to scratch". It is unknown, however, which supraspinal structures are involved in the perception of itch (McMahon and Koltzenburg 1992) .
In light of the neuronal nociceptive responses, the connections to motor system, the participation in the avoidance learning as well as the richness of opioid receptors, the anterior cingulate cortex (ACC) has been proposed to participate in the affective response to noxious stimuli (Vogt et al. 1993) . Direct evidence that the posterior sector of ACC (Brodmann area 24) in the human brain is involved in the perception of pain has been provided by positron emisson tomography (PET) observations (Jones et al. 199 1; Talbot et al. 199 1) . Since itch and pain are both unpleasant sensations, the ACC is also a candidate for central processing of itch. Another obvious hypothesis would be the participation of the contralateral primary and secondary somatosensory areas (SI, SII) as well as the thalamus in the perception of itch (Shapiro and Braun 1987) . However, studies on pain have indicated that an activation of these regions depends on the nature and the intensity of the stimulus (Di Piero et al. 1994) .
The neural events leading to any target-oriented voluntary movement involve three processes: target identification, plan of action, and execution. These three phases are governed by distinct regions of the cerebral cortex: the posterior parietal cortex (PPC), the premotor areas of the frontal cortex [supplementary motor area (SMA) together with premotor area (PMI)], and the primary motor cortex (MI) (Ghez 1993) . The urge to scratch is maintained or even enhanced until the itching sensation itself subsides or the scratching is done. We hypothesize that there may exist a central representation of the urge as the intention [the brain's preparation to initiate and organize a movement to respond to a meaningful stimulus (Decety et al. 1992; Heilman et al. 1987; Kawashima et al. 1994) ] to scratch in terms of sustained attention to the somatospatial information (right PPC) and motor planning for scratching (SMA and PM) contingent upon the perception of itch.
Prefrontal cortex (PFC), especially the Brodmann area 46 of the dorsolateral prefrontal cortex (DLPFC), participates in the generation of integrated motor response (Goldman-Rakic 1987) . The PFC coordinates the sensory input with motor output that constitutes a purposeful behavior (Fuster 1989) . Since the response to itch encompasses sensory and motor systems, we expected the PFC, including DLPFC, to be involved in the intentional process of the urge to scratch.
In this study we used functional PET, measuring regional cerebral blood flow (rCBF) as an index of neuronal activity (Raichle 1987) , to explore the central representation of itch.
METHODS

Activation paradigm
Ten healthy right-handed human volunteers, range 28-49 yr [mean age 4 1.5 yr; normal brain morphology verified by magnetic resonance imaging (MRI)] participated in these experiments. Each subject received three intracutaneous injections of histamine (20 ~1, 10 pg/ml) and three of saline (20 ~1, 0.9%) at the lateral aspect of the right upper arm in a mixed, single-blind, randomized manner at sites adjacent to each other but outside the rim of the flare reaction. Intracutaneous injection of histamine was previously validated as a model of itch in humans and the latency, peak intensity and duration of the itch elicited were -20, 35, and 90 s after administration, respectively (Hagermark, 1974 and the urge to scratch (presence or absence) were recorded after each rCBF measurement. Each subject underwent six scans -10 min apart and was instructed to remain still with eyes closed during the scanning.
PET scanning rCBF ( 100-s summation image) was measured with the intravenous [ 150]butanol technique on a Scanditronix-PC2048 system while using stereotactic fixation of the subject's head (Ingvar et al. 1994) .
[ 150]Butanol (28-32 mCi [ 1.03-1.18 GBq), iv] was injected 8-10 s after the administration of histamine or saline. The time elapsed between the injection of isotope and the commencement of cerebral tissue activity was 14-18 s, and the cerebral radioactivity peaked 40-50 s after the administration of isotope. The protocol was thus optimized to catch the peak itch sensation at the approximate time of the bolus arrival of rCBF tracer to the brain.
Image analysis and statistical treatment
These images were reformatted, using an adjustable computerized brain atlas (CBA) (Greitz et al. 199 1) for stereotactic standardization and subsequently normalized to give a global uptake of 50 nCi/ml. Twenty-eight out of 30 (2 discarded due to technical failure) individual-paired pixel-by-pixel subtraction images (histamine vs. saline) were averaged and filtered with 12 mm FWHM Gaussian filter to generate a state-dependent, averaged rCBF change and error images (Ingvar et al. 1994) . The regions-of-interest (pixel-by-pixel) were drawn guided by anatomic structures from the brain database of the CBA. The p-map (Fig. 1) was constructed on the basis of the conventional statistical Student's t-test (t-map) and created by assigning different colors depending on the t-value and probability factor of a pixel. The t-map was then transferred to a z-score map and the final designation of significant change was based on the calculated local z-score maximum (Ingvar et al. 1994 ) corrected for multiple comparison (Friston et al. 1991) .
RESULTS
Following histamine injections, all subjects reported a pure sensation of itch (32.7 t 16.2 by VAS, similar to a mosquito bite) with the presence of an urge to scratch. They would have scratched the area of injection had they not been instructed to remain still during the scanning. No subject reported such a reaction after the saline injection.
The activation was not due to anxiety, since subjects reported little emotional reaction to the paradigm. We observed activation of the left ACC (Brodmann area 24), right inferior parietal cortex (IPL: Brodmann area 39/40) of the PPC, bilateral SMA (more prominent on the right side) and PM, as well as right DLPFC (Brodmann area 46) of the PFC (Table 1, Fig. 1 ). The proposed affectional representation of unpleasant sensation (ACC: Brodmann area 24) was contralaterally activated while structures pertinent to the motor intention and programming (SMA, PM) were more ipsilaterally expressed. These findings contrast with the coactivation of contralateral ACC and SMA in a recent study of pain (Coghill et al. 1994) . We also observed activation of some other regions of the association cortex and cerebellum as well as the right red nucleus (RN). We did not observe a significant change in rCBF in the SI, SII, or in the thalamus. ant nature of itch (Table 1 ; Fig. 1 c) . The so-called "itch center" has long been proposed to be at the medulla oblongata due to the relationship between itch and opioids (Koenigstein 1948). However, our findings strongly suggest that the ACC (Brodmann area 24) also subserves the processing of itch. Lack of rCBF changes in the SI, SII, and the thalamus may be ascribed to the insufficient intensity of the itch elicited with current paradigm. As has been revealed by the brain imaging studies of pain, sufficient intensity of the stimulus is mandatory to activate these regions (Di Piero et al. 1994) .
Evidence that the urge to scratch may contain a central representation of intention is provided by the coactivation of the right inferior parietal lobule (IPL), bilateral SMAs and PMs (Table 1 ; Fig. 1, B-C) . The activation of only the right IPL (Brodmann area 40, 39) which is a main part of the right PPC, is in accordance with a right hemispheric lateralization for somatospatial information (Heilman et al. 1987; Kolb and Whishaw 1990) . Patients with lesions in the right IPL, which effectuates motor movement under sensory guidance, have severe attentional disturbances, referred to as sensory neglect syndrome (Heilman et al. 1987; Kolb and Whishaw 1990) . The coactivations of the SMA and PM found here may reflect the readiness of initiation to act (Fox et al. 1985) and are consistent with recent functional MRI (Rao et al. 1993 ) and electrophysiological studies. Programming or imaging a complex motor task activates the SMA and/or PM (Rao et al. 1993) . The Bereitschafts potential (Deecke 1990) (readiness potential) elicited immediately before willed movement, can be recorded from the human SMA during pure internal planning without motor execution (Libet et al. 1983) . Motor planning activity can be recorded in the SMA and PM during a preparation to act (Kurata and Wise 1988) . The bihemispheric activation of the SMA and PM is in agreement with a bilateral elaboration of the motor program for complex movement (Goldberg 1985) . Nevertheless, the contralateral SMA has been shown to be more expressed than the ipsilateral SMA for motor programming in recent functional MRI (Rao et al. 1993) as well as intracerebral electrophysiological studies (Ikeda et al. 1992) . Thus, the more pronounced activation in the right SMA (activation lies in the border zone of Brodmann area 6 and the Brodmann area 32 of the dorsalmost ACC: motor representation of arm in the medial frontal cortex) (Colebatch et al. 199 1; Dum and Strick 1993) may indicate the intention of the left hand to scratch the injection site on the upper right arm. Our findings and interpretation are consistent with recent PET studies of the motor preparation for target-reaching, in which the IPL (supramarginal and angular gyri) and the premotor areas (SMA, PM) prevailed (Decety et al. 1992; Kawashima et al. 1994) . The activation of the RN (Table 1 ; Fig. IF is interesting since there are known projections of the limb-control system to this area from three motor cortices (Brodmann area 4, 6, and 8) and the PPC (Kuypers 1981) .
We recorded an extensive activation of the bilateral PFC (Brodmann area 8, 9, 10, 32, 44, 45, and 46) in response to itch (Fig. 1, B-F ; Table 1 ). These regions subserve diverse functions, such as sustained attention, associative processing, and preparation of the motor reaction (Fuster 1989; Goldman-Rakic 1987; Pardo et al. 199 1) . Brodmann area 46 has reciprocal connections (Pandya and Yeterian 1990) to all the activated regions pertinent to motor programming (SMA, PM, and IPL) and could, through these connections, participate in the timing and/or direction of motor output (Funahashi et al. 1993; Fuster 1989; Goldman-Rakic 1987) . In addition, motor planning activity can also be recorded in DLPFC (Funahashi et al. 1993 ) and lesions here induce hypokinesia (Fuster 1989; Goldman-Rakic 1987) . Thus the prominent activation of the right DLPFC (Brodmann area 46, activation extends 33 mm axially) may reflect the organization of the motor response to itch.
In conclusion, the central activation profile demonstrated here supports Hafenreffer's definition of itch as "an unpleasant sensation with the urge to scratch". The activation of both the ipsilateral SMA and contralateral ACC during itch contrasts the findings of activation of both the SMA and ACC contralaterally during pain (Coghill et al. 1994 ). This distinction could account for the behavioral difference of approach and avoidance in itch and pain, respectively. It also substantiates that the posterior sector of the ACC (Brodmann area 24) is related to the sensorial/affectional aspect of the event (Vogt et al. 1993 ) while the premotor areas (SMA, PM) may participate in the preparation of an intended action (Goldberg 1985 
